In this article, we describe the rheology of Na montmorillonite suspensions as a function of pH, at constant ionic strength. The observed behavior is discussed quantitatively in terms of the potential energy of interaction between particles, keeping in mind the anisotropic nature of clay particles. The extended DLVO model that includes electrostatic, van der Waals, and polar acid-base contributions to the total energy is used. It is found that face-to-face interactions are virtually independent of pH, whereas edge-to-edge interactions are most attractive at the isoelectric point of edges (pH ∼ 7). The most significant variations occur in face-to-edge potential energy, with strong attractions at pH < 7. Steady-state viscometry showed that the yield stress decreases up to an order of magnitude between pH 3 and pH 7, with a much slower rate of decrease in the 7-11 pH interval. Concerning oscillatory measurements, it is found that both the elastic (G ) and viscous (G ) moduli are practically independent of frequency. It is also demonstrated that G > G , the difference being larger at acid pH values. These results, in addition to potential energy calculations, suggest the existence of an elastic, coagulated structure up to pH 7, whereas as the pH is increased such structure is more relaxed because of electrostatic repulsions. Similar conclusions are reached when creep-recovery data are analyzed. C 2000 Academic Press
INTRODUCTION

From
1 both the fundamental and applied points of view, there is a growing interest in the characterization of the properties of concentrated suspensions, probably the most interesting disperse systems in the industrial field. However, the knowledge of the internal structure of such suspensions and of the electric double layer surrounding each particle is not an easy task, the more so if the colloidal units are not homogeneous in size and shape. This happens to be the case with the clay suspensions studied in this work. The consequences that could derive from this kind of basic studies in very different areas of technology are evident and range from oil drilling fluids to the control of contaminant adsorption and transport in soils and natural waters (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) .
Although interpretation of their results is not always easy, two techniques are most useful for the characterization of concentrated suspensions. These are rheological and dielectric measurements. They can provide (particularly if used jointly) information about both the internal structure and the particle interaction, as well as about the electrical properties, of the solid/liquid interface. In this part of the series, the rheological behavior of sodium montmorillonite suspensions is investigated and correlated with calculations of the interaction energy between the particles. The second part in this series is devoted to low-frequency dielectric dispersion measurements in the same suspensions.
The basic idea of this contribution is that the rheology of the suspensions can be quantitatively related to electric and thermodynamic properties of the interface and, in a more qualitative way, to their dielectric behavior. Few works have been published, to our knowledge, on the correlation between the response of colloidal systems to an oscillating mechanical shear (oscillatory rheometry) and to an alternating electric field (dielectric dispersions), despite its potential applications (2) , that have been checked in the pharmaceutical research.
On the other hand, a much more thorough investigation has been reported on the explanation of the rheological properties of disperse systems on the basis of the analysis of interparticle interactions (9, (11) (12) (13) (14) , in the light of the classical DLVO theory. Here we intend to further study the relations existing between the rheology of clay systems (consisting of laminar, polydisperse particles) and the face-to-face, face-to-edge, and edge-to-edge interactions for different pH's, taking into account not only the electrostatic and van der Waals contributions but also the so-called hydration forces (15, 16) in the frame of the extended DLVO theory of suspension stability. In the accompanying paper (17) , we analyze to what extent these features appear in the dielectric behavior of the suspensions.
ESTIMATION OF THE INTERACTION ENERGY BETWEEN CLAY PARTICLES IN AQUEOUS MEDIA
A fundamental contribution to the energy of interaction between colloidal particles in suspension is electrostatic. Sodium montmorillonite (NaMt) particles are laminar in shape and their surface charge is not homogeneously distributed: face surfaces bear a negative charge generated by substitution of lattice ions and hence essentially independent of the composition of the aqueous medium, and edge surfaces have a pH-dependent charge. We consider both types of surfaces as flat plates (phase 1 is the face surfaces, phase 2 corresponds to the edges, and phase 3 is the dispersion medium). The interaction energy per unit area is calculated using the HHF model (18) , based on the assumption of constant, moderate surface potentials (ψ 01 , and ψ 02 ) and is more appropriate for surface-to-surface distances H larger than ∼10 nm (9):
Above, ε is the dielectric constant of the medium, κ is the reciprocal Debye length, and subscripts (i, j) equal (1, 1), (1, 2) , and (2, 2) for face-to-face, edge-to-face, and edge-to-edge interactions, respectively. The best approximation to either ψ 0i or ψ 0 j in Eq. [1] is the diffuse-layer potential, but, since it is usually unknown, the zeta potential, ζ , is a reasonable alternative for not very highly charged surfaces. The Lifshitz-van der Waals contribution to the potential energy can be obtained, for two large parallel plates separated by a distance H , from the equation (19) 
where A i3 j is the Hamaker constant corresponding to van der Waals interaction between phases i and j in the liquid medium 3. Interestingly, this constant can be determined if the LW component of the surface free energy of each phase, γ (16) .
where H 0 is the minimum separation distance (for H < H 0 , strong Born repulsion would appear). 
the latter being the result of the electron-donor (γ − k ) and electron-acceptor (γ + k ) characters of the material:
[5]
The acid/base component of the surface free energy gives rise in turn to another source of interaction between the particles, V AB i3 j , sometimes known as structural or hydration forces. When the surfaces involved are hydrophilic (as it happens to be the case with clays), a repulsive short-range interaction results that depends exponentially on the distance H ,
where λ is the correlation length of water molecules, a good estimation of which is 1 nm for hydrophilic surfaces (16) . The preexponential factor in Eq. [6] can also be calculated from the electron-donor and electron-acceptor components of the surface free energy of the phases involved (16):
EXPERIMENTAL
Materials
Since the starting material is a natural bentonite (from Almería, Spain) it bears a variety of exchangeable cations compensating the structural negative charge of the crystal lattice. In order to make surface studies in clay minerals as reproducible and repeatable as possible (whatever the sample origin), the first step was homoionization of the particles, i.e., the substitution of all exchangeable cations by only one species, Na + in our case. The homoionization procedure included stirring 50 g powder of the clay fraction <2 µm with 250 ml of a 1 M NaCl solution for 1 h. The solids were separated from the solution by centrifugation and redispersed in the latter; this was repeated five times, and then the particles were repeatedly centrifuged and redispersed in Milli-Q water (Milli-Q Academic, Millipore, France) until the conductivity of the supernatant was bellow 10 µS/cm. Finally, the particles were dried at 100
• C and stored in polyethylene containers. The specific surface area of dry NaMt was measured by means of N 2 adsorption using the BET multipoint method in a Quantasorb Jr (Quantachrome, USA). The value obtained, 54.1 m 2 /g, is very similar to that reported by different authors (21, 22) .
A bulk chemical analysis of the clay was performed by X-ray fluorescence. The results are displayed in Table 1 , together with those reported in (4) for the original, untreated bentonite. Also, a Perkin-Elmer (USA) instrument was used to obtain the surface composition by XPS. The following elements and percentage abundances were detected: O (61.92%), Si (20.42%), Al (7.76%), C (5.14%), Na (2.37%), Mg (1.91%), and Fe (0.48%).
Both types of analyses demonstrate that the homoionization was rather effective, since Na + is the only exchangeable cation detected in significant amount on the surface. Other exchangeable ions such as K + or Ca 2+ were totally absent and only showed up (in small amounts) in the bulk analysis.
Analytical quality SiO 2 and Al 2 O 3 powders were supplied by Riedel de Haën (Germany), and all other chemicals were also high purity from Panreac (Spain).
Electrophoretic Mobility
Electrophoretic mobility measurements were performed in a Malvern Zetasizer 2000 at 25.0 ± 0.5
• C. Given the polydispersity of the size and shape of the powders measured, the zeta potentials were estimated in all cases by means of the simple Helmholtz-Smoluchowski equation (21) . All suspensions were prepared in 10 −2 M NaCl solutions with variable pH's ranging between 3 and 11.
Surface Free Energy
The technique used to gain information about the surface free energy of NaMt was advancing contact angle measurement (23), using a Ramé-Hart 100-07-00 (USA) goniometer. The contact angles, θ , of three probe liquids of known γ LW , γ + , and γ − (diiodomethane, ethylene glycol, and water; see Ref. 16 ) were measured. The clay solid surface was prepared by drying a concentrated (4% w/v) NaMt suspension uniformly spread on a dry, clean microscope glass slide. The powder was previously dispersed in a 10 −2 M NaCl solution during 24 h, since that was the ionic strength in all experiments. The solids were separated by centrifugation and redispersed in water. These aqueous suspensions were placed on the slides and dried at 80
• C. From the contact angles of the three liquids, Young's equations like (16) [8] were written for each liquid, and the system of equations was solved in the unknowns γ 
Rheological Measurements
The rheological analysis of 5% (w/v) NaMt suspensions in 10 −2 M NaCl was performed, for different pH values, in a controlled stress (Bohlin CS-25, UK) rheometer with a cup and bob (CSS 25) measuring system. Prior to each experiment, samples were presheared with a 10-Pa stress for 30 s and left to equilibrate during 180 s.
Three types of experiments were performed:
(a) Steady-state shear stress-shear rate (σ −γ ) measurements. All samples were subjected to a shear ramp ranging between 0.0352 and 20 Pa in 60 linearly spaced steps.
(b) Dynamic (oscillatory) measurements. The elastic, G (ω), and viscous, G (ω), moduli were measured for frequencies between 10 −2 and 10 2 Hz, with a stress amplitude σ 0 = 0.2 Pa. This stress is well below the critical one, above which the viscoelastic behavior is nonlinear. The maximum deformation γ c , attained by the system prior to getting into the nonlinear region, is related to the cohesive energy of the flocculated structure by (14, 24)
where G is the elastic modulus in the linear region.
(c) Transient (small-deformation) measurements. The viscoelastic characteristics of NaMt suspensions can also be studied in the time domain (14, 25) . To that aim, a constant stress σ = 0.2 Pa is applied and the compliance, or deformation per unit stress,
is measured during T = 120 s. At t = T, the stress is removed, and the recovery curve is also determined.
RESULTS AND DISCUSSION
Zeta Potential
The zeta potential of NaMt particles is plotted in Fig. 1 as a function of pH (at constant ionic strength 10 −2 M NaCl). As observed, ζ is negative for the whole pH interval, and it is essentially pH independent in good agreement with results published by other authors that suggested that edges play a negligible role in determining the electrokinetics (dominated by the constant negative charge of faces) of smectites (26) (27) (28) (29) . This fact is expected from our knowledge that only about 1% of the total surface area of montmorillonite can be ascribed to edges (28, 30) .
However, edges may be essential in determining the structure of concentrated clay suspensions. That means that we need to have an estimation of the zeta potential of edges as a function of pH. Heath and Tadros (27) proposed that the isoelectric point of such surfaces must be close to that of kaolinite, i.e., pH iep ∼ 7. Other authors (9) have reported that pH ∼ 6 is a better approximation, based on experimental data on bentonite coagulation. We adhere to the assumption made in Ref. (28) ; that is, the zeta potential of edges must be related to those of silica and alumina given the similarity between their surface groups. If we make the assumption that ζ edge = 1 3 (ζ SiO 2 + 2ζ Al 2 O 3 ), the zeta potential of edges will change with pH as shown in Fig. 1 , where it can be seen that pH iep ∼ 7 for those surfaces, in agreement with Heath's and Tadros' suggestion (27) .
Surface Free Energy
Using the experimental values of the contact angle θ of diiodomethane (29.8 ± 0.8
• ), water (17 ± 1 • ), and ethylene glycol (8 ± 1
• ) on NaMt, Eq. Table 2 . Based on the same assumptions as above, values calculated for the bulk sample essentially correspond to face-type surfaces and the γ components for edges could thus be calculated as a weighted mean of those of SiO 2 and Al 2 O 3 (γ edge = 1/3(γ Silica + 2γ Alumina )), the latter being taken from Ref. (31) . Table 2 shows that both faces and edges are almost completely monopolar and electron-donor in nature, as deduced from the fact that γ − S = 0 and γ
Potential Energy of Interaction
Having obtained the zeta potentials and surface free energies of both faces and edges, the potential energies of interaction face to face (F-F), face to edge (F-E), and edge to edge (E-E) were calculated. These correspond to V 131 , V 132 , and V 232 , respectively, in Fig. 2 , where the relative contributions of each type of interaction (AB, LW, EL) can be distinguished. The Hamaker constants for van der Waals forces were calculated using Eq. [3] and Table 2 , and the values obtained were
The curves in Fig. 2 show some general features (repulsive short-range interaction; attractive van der Waals interaction in all cases, with a strength and range not affected by the surfaces involved), but it is most interesting to focus on the changes in EL contribution with pH. Thus, Fig. 2a (F-F) shows a repulsion that slightly increases with pH, due to the increase in |ζ | observed in Fig. 1 . That trend is quite different in the case of E-F interaction (Fig. 2b) : in this case, it is worth mentioning that the EL interaction is attractive at pH 5, slightly repulsive at neutral pH, and strongly repulsive at pH > pH iep . Finally, in the edgeto-edge (E-E) interaction (Fig. 2c) , the negligible electrostatic repulsion at pH 7 is the only remarkable feature.
The overall interaction is plotted in Fig. 3 for the edge-to-face interaction: whatever the pH, the curves show a rather deep attractive minimum, more important at acid pH values as a consequence of attractive electrostatic interactions between faces and edges at such pHs. Note that hydrophilic AB repulsion limits the distance of maximum approach between particles to ∼10 nm. Furthermore, such distance increases slightly with pH, something that should manifest in the internal structure of the gel. Figure 4 is intended to be a summary of the results by plotting the minimum values, V min , of V i3 j as a function of pH. Note how face-to-face interactions are virtually independent of pH, whereas edge-to-edge ones are most attractive at the iep. Undoubtedly, the most significant variations occur in edge-to-face potential energy: at basic pH it is comparable to E-E and F-F, but at pH < 7 a strong attraction is predicted that should lead to the "house-of-cards" gel structure proposed for concentrated clay suspensions in sufficiently high ionic strengths (≥5 × 10 −3 M, see Refs. 26, 27, and 32). Figure 5 is a log-log plot of shear stress vs shear rate data for NaMt suspensions with pH between 3 and 11. A simple visual inspection of this figure shows that, mainly for pH ≤ 7, a non-newtonian behavior of the suspensions is found: a minimum stress, σ y , is needed for the suspensions to flow. As mentioned above, we have used two methods to estimate the yield stress: the results are depicted in Fig. 6 , together with the maximum viscosity (η max ) of the suspensions. "σ y (Bingham)" corresponds to the fitting of a Bingham equation (σ = σ y + ηγ ), and "σ y " is the stress for which η max is measured in each case. Both estimations of the yield stress change similarly with pH: σ y decreases (up to an order of magnitude) when the pH is increased from 3 to 7, and a much slower decrease is found in the pH 7-11 interval. A similar trend is observed for η max that diminishes in about four orders of magnitude for the whole pH range. This is in qualitative agreement with recent data by Benna et al. (29) on the rheology of different bentonite suspensions.
Viscometry
The results in Figs. 5 and 6 appear to be in qualitative agreement with our calculations of interaction energy (see, specifically, Fig. 4) : the edge-to-face interaction seems to be determinant of the sharp decrease in both σ y and η max and the subsequent slow variation in the basic pH region. In the following paragraphs we try to confirm whether other rheological quantities agree with this hypothesis. Figure 7 shows the elastic modulus G (at a frequency of 1 Hz) as a function of the amplitude of the oscillatory shear stress for different pH values. The σ 0 range for which G is constant determines the viscoelastic linear region of the systems: it is clear that the maximum stress that the suspensions can withstand before acquiring a nonlinear viscoelasticity is lower the higher the pH. The structure can be broken more easily when the medium is basic, i.e., when all electrostatic interactions are repulsive. Furthermore, the elastic component of the complex modulus decreases by almost two orders of magnitude between pH 3 and pH 11, again confirming that the gel-like structure of the clay particles is less stiff the more basic the medium. Using Eq. [9] with the mean value of G in the linear range, the cohesive energy density, E c , plotted in Fig. 8 was calculated as a function of pH: as observed, there is a pronounced monotonous decrease in E c with pH in the whole interval. All these facts can be qualitatively explained in view of the interaction energy calculations, mainly in the case of face-to-edge. Apparently, aggregates formed as a consequence of the latter attractions are determinant of the structure of the suspensions. This can be further confirmed if the relationship between G (Fig. 7) and V min (Fig. 4) is analyzed. This can be done by plotting G (in the linear region) against V min for face-to-face, face-to-edge, and edge-to-edge interactions, as shown in Fig. 9 . Note that G is a monotonously increasing function of |V min | in the two former cases, whereas no correlation seems to exist with V min (edge-toedge), a clear consequence of the small fraction of edge surface area as compared to that of faces.
Oscillatory Measurements
The frequency dependencies of the elastic (G ) and viscous (G ) moduli are shown in difference being more important at acid pH values when the gel structure is expected to be stiffer. This confirms that, as stated by Tadros (14) , a highly elastic, coagulated structure originated by a continuous network must characterize the suspensions in such conditions. This structure becomes more relaxed as the pH increases, in good agreement with potential energy calculations. Figure 11 shows our experimental results for the compliance function J (t), defined by Eq. [10] , both in creep (t ≤ 120 s) and recovery (t > 120 s) conditions. In these curves the differences between the various pH values are clear: the creep deformation is much larger for basic than for acid pHs, and furthermore, the systems need longer times to reach a constant deformation during recovery. Both regions must be characteristic of systems with weak links in their internal structure, as compared to strong ones in acid solutions. This can also be easily observed if the recovery attained by the systems upon removing the stress is calculated as δ J = 100 J (120) − J (240) J (120) [11] and plotted as a function of pH (Fig. 12) . The fact that δ J is ap-
Creep-Recovery Data
FIG. 11.
Compliance function J (t) as a function of time and pH. A 0.2-Pa stress step is applied at t = 0 and removed at t = 120 s.
FIG. 12.
Percentage recovery δ J as a function of pH. δ J was calculated from data in Fig. 11 as described in Eq. [11] .
proximately 100% for pH 3 and below 50% at pH 9 indicates a behavior close to that of an elastic solid in the former conditions and more similar to a viscous fluid in the latter.
The continuous lines drawn in Fig. 11 correspond to fitting the creep-recovery data to a Kelvin-Voigt model, a mechanical description of a viscoelastic fluid that simulates the latter as a series association of a spring of elastic constant J 0 and a viscous damper of constant η 0 , together with a number of Kelvin-Voigt solids (each a parallel association of a spring J i and a damper η i ). The creep curves are then described as (25, 33, 34) [12] whereas the recovery is given by
where the stress is applied for t ≤ T and removed at t = T . The fittings in Fig. 11 were performed with just one Kelvin-Voigt solid (N = 1 in Eqs. [12] and [13] ) and the fitting parameters are detailed in Table 3 . The column J 0 represents the instantaneous unit deformation at t = 0; that is, the instantaneous elastic response of the system. Note that J 0 is also the initial recovery produced at T = 120 s, upon ceasing the stress. The strong increase observed in J 0 when the pH is changed between 3 and 9 is the manifestation of the shift from elastic to viscous behavior in that pH range. Concerning η 0 , let us mention that it has the meaning of viscosity of the system in the newtonian (J (t) ∝ t) regime. For pH 3, η 0 → ∞, whereas it shows a clearly decreasing trend as the pH is increased. At low pH values, the applied stress of 0.2 Pa is not sufficient to break weak particle-to-particle bonds, and the suspensions do not flow. For higher pH values such resistance to flow is not so large, and this explains the decrease in η 0 and the increase in J 1 , the so-called retarded deformation, related to the breaking and reconstruction of weak links between the particles. The characteristic relaxation time associated with these breaking/reconstruction processes is t 1 . Although this time does not show a definite trend when estimated from creep data, it is clearly increasing with pH in recovery results. The system needs longer times to reach equilibrium because of the small restoring forces at high pH. Let us finally mention that η 0 and J 1 deduced from the recovery data follow the same trends (although the values are different) as those used to fit the creep curves.
CONCLUSIONS
(i) From electrophoretic mobility and contact angle measurements, we have estimated the zeta potential and surface free energy components of the different surfaces of laminar sodium montmorillonite particles. The estimations of ζ potential are based on the assumption of constant surface charge of faces and pH-dependent charge of edges. In particular, it is assumed that surface properties of edges can be considered as a weighted average of that of silica and alumina, this yielding an isoelectric point of edges at pH ∼ 7. With these assumptions it appeared possible to justify the experimental rheological behavior of concentrated clay suspensions at variable pH and constant ionic strength (10 −2 M). (ii) From the precedent estimation of surface properties of faces and edges, it is possible to calculate the total F-F, E-E, and F-E energy of interaction (extended DLVO theory). It was found that face-to-edge attraction is the predominant interaction in the acid pH range and determines the internal structure of the gel in these conditions. At basic pH, the attraction between different surfaces is weaker and a more relaxed internal structure of the system is predicted.
(iii) Steady-state rheological measurements show a sharp decrease in the yield stress of the suspensions from acid to basic pH, in good agreement with the predictions of face-edge attraction energy. Oscillatory measurements demonstrate that the behavior of the suspensions is more elastic than viscous (storage modulus larger than loss modulus), mainly in the acid pH range. The cohesive energy of the flocs decreases by more than one order of magnitude from pH 3 to pH 11, in agreement with the sharp decrease of face-edge attraction in this pH range. Transient measurements (creep-recovery experiments) confirm the predominant role played by this type of interaction in the configuration of the internal structure of NaMt concentrated suspensions.
